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ABSTRACT: A high-pressure neutron diffraction study was conducted on polycrystalline samples of the two 
known polymorphs of 2,4,6-trinitrotoluene [monoclinic (m-) and orthorhombic (o-) TNT] under hydrostatic 
conditions. Isothermal equations of state were obtained for both polymorphic forms. Neither polymorph was 
observed to undergo a phase transition in the pressure region 0–5 GPa, with both polymorphs displaying smooth 
compression behavior across the pressure range. This differs somewhat from previous XRD and Raman 
spectroscopy investigations in which discontinuities were observed in the P-V curves and spectral changes were 
reported at ~2 GPa. The high-pressure response of these materials is supported by dispersion-corrected DFT 
calculations which, while overestimating the experimental bulk moduli, give excellent agreement with the 
observed smooth compression response of both phases. 
 
INTRODUCTION 
Energetic materials (EMs), exemplified by propellants, 
explosives and pyrotechnics, release large amounts of 
energy when initiated by mechanical, electrostatic, or 
thermal stimuli.1 The mechanism by which this energy 
is released involves a complex interplay of chemical 
and physical phenomena. Hence, understanding and 
predicting the response of an EM to a mechanical 
perturbation is non-trivial.2 A complete model for the 
reaction of an EM requires consideration of the initial 
energy generation, its localization3–6 and influence on 
chemical reaction mechanisms,7,8 molecular 
decomposition kinetics,9 and a thorough understanding 
of how the reaction front propagates through the solid 
material. Many of these phenomena are closely related 
to the mechanical response of the material. 
Furthermore, relatively low pressures are known to 
induce structural changes (polymorphism) in molecular 
materials.10,11 These transformations can have 
considerable effects on the reactivity (e.g. sensitivity) 
of an EM,12 and may influence the propagation of a 
shock front. Understanding the initiation and reaction 
propagation in EMs therefore requires a detailed 
understanding of the pressure response of the material. 
Molecular EMs, including FOX-710, HMX13,14 , 
RDX15–17,  and TATB18 have all been investigated 
under high-pressure conditions; many of them undergo 
pressure-induced phase transitions . 
2,4,6-trinitrotoluene (TNT) is one of the most widely 
used secondary explosives, and was the main explosive 
used throughout the First World War. It is known to 
exist in two polymorphic forms under ambient 
conditions:19 (1) the thermodynamically stable 
monoclinic form, m-TNT (space group = P21/a, Z =8), 
and (2) the metastable orthorhombic form, o-TNT 
(space group = Pca21, Z=8) as shown in Figure 1. TNT 
does not contain hydrogen bond donor or acceptor 
sites, and the crystal structures are thus dominated by 
weak van der Waals interactions. It follows that 
changes in molecular packing have minimal enthalpic 
consequence and mixtures of the two polymorphic 
forms occur readily.19  
Despite the discovery of the two polymorphs in the 
1950s, the structural relationship between them has 
remained poorly understood for decades. In 1994
  
 
Figure 1 a) Labelling of two structurally distinct molecules (A and B) of TNT identified in the crystal structures; unit cells of 
b) the monoclinic and c) orthorhombic forms of TNT. 
Golovina et al. reported the first clear description for 
the packing of the two structures.20 The full structural 
characterisation was only reported in 2003 by Vrcelj et 
al who used single crystal X-ray diffraction (SXRD).19 
Figure 1 shows the molecular arrangements in the two 
polymorphs of TNT in which there are two 
geometrically distinct molecular conformations 
(labelled A and B), which differ primarily in the torsion 
angles of their -NO2 groups with respect to the planar 
aromatic ring. In both A and B, steric factors require 
that the torsion angles of the two ortho-NO2 groups (τ1 
and τ3) in Figure 1 are larger than that of the para-NO2 
group (τ2 in Figure 1). The methyl group tilts slightly 
(ca 2o) towards one of the ortho -NO2 groups (labelled 
3 in Figure 1), with the torsion angle of the three -NO2 
groups following the order  τ3> τ1> τ2. The structures 
of m- and o-TNT differ primarily in the stacking of 
molecules with A and B geometries, as shown in Figure 
1.  
The stability of TNT over a wide temperature range 
makes it suitable for use as a melt-cast explosive.21 
Upon casting, however, the metastable o-TNT 
modification is often produced alongside m-TNT. The 
subsequent o-TNT → m-TNT phase transition, which 
occurs upon storage, leads to formation of macroscopic 
defects (cracks, voids, etc.). This in turn causes 
mechanical instabilities, permitting the formation of 
potential hot spots within the bulk, and hence a 
mechanism for sensitization of the material. Pressure-
induced transformations may also be important in bulk 
compositions, where local stresses at fracture tips or 
during compaction can be high. Thus, in addition to 
offering insight into the initiation and detonation 
properties of EMs, understanding the polymorphic 
phase diagram of TNT is crucial for controlling the 
macroscopic integrity of its compositions.  
The equation of state (EoS) of m-TNT has previously 
been determined under non-hydrostatic conditions 
using angle dispersive X-ray diffraction (XRD) at room 
temperature.22 This study suggested that a phase 
transition from m-TNT → o-TNT occurs  at ~20 GPa, 
preceded by a “subtle cusp” in the P-V/V0 curve near 4 
GPa. However, due to the limited number of data points 
at p > 20 GPa, no EoS was determined for o-TNT. 
Recently, Bowden et al. performed in situ synchrotron 
XRD and vibrational spectroscopic measurements at 
room temperature to investigate the phase stability of 
m-TNT up to 18 GPa.23 Up to 2 GPa the predominantly 
lattice-based modes (i.e. 𝜈 < 250 cm-1) showed large 
mode Grüneisen parameters, with multiple modes 
found to split with increasing pressure. This large 
pressure dependence has been suggested to account for 
considerable adiabatic heating upon mechanical 
impact, and thus large excitation of the crystal lattice.24 
The large variation in 𝜈 was assigned to the significant 
unit-cell volume collapse (~ 13%) between 0 and 2 
GPa, associated with compression primarily along the 
crystallographic c-axis. However, due to the non-
hydrostatic conditions of the experiment, the data 
quality was insufficient for full structural refinement 
and gave large uncertainties in the determined crystal 
lattice parameters. 
X-ray crystallographic studies of powdered organic 
materials are often hindered by the low atomic number 
of their constituent atoms (C, H, N, O) and the low 
symmetries of their crystallographic structures. As a 
result, X-ray scattering experiments generally result in 
very many low-intensity Bragg reflections. This 
provides a significant obstacle to obtaining reliable 
structural parameters for the pressure evolution of the 
crystal. While these problems can be largely mitigated 
by use of synchrotron radiation sources, it has been 
shown that high energy sources can lead to photo-
 induced molecular decomposition in some materials. 
This is exemplified by CL-20, which was severely 
damaged by synchrotron X-rays which rendered unit 
cell determination impossible.25 This can be 
circumvented through the use of neutron diffraction 
techniques which have become important tools for the 
study of these reactive materials.25 
Due to the important connection between an energetic 
material’s structural behavior upon compression and its 
properties upon initiation, considerable effort has also 
been devoted to the development of theoretical 
frameworks for their prediction.26,27 First principles 
simulation (Density Functional Theory, DFT) has 
demonstrated a remarkable ability to predict the 
mechanical properties of EMs, particularly when weak 
dispersion forces are accounted for.27 The continued 
validation of increasingly sophisticated dispersion 
models is therefore an important step towards the ab 
initio prediction of EM properties. 
The objectives of the present work presented are:(i) to 
undertake a hydrostatic compression study using 
neutron powder diffraction (NPD) to obtain accurate 
pressure-volume equations of state for the two known 
polymorphs of TNT; (ii) to explore the capacity of 
modern DFT models to predict the hydrostatic 
compression behavior of two polymorphs of TNT, and 
in turn be used as a tool to guide experimental 
endeavors; (iii) to explore detailed structural changes 
suspected to occur near 2 GPa in the monoclinic form, 
and (iv) explore for the first time the effect of pressure 
on the metastable orthorhombic phase of TNT. 
EXPERIMENTAL AND COMPUTATIONAL 
METHODS 
2.1. Preparation of TNT-d5 
CAUTION!  TNT is a powerful secondary explosive 
material that should only be prepared and handled by 
trained personnel using the appropriate safety 
precautions. 
A nitrating mixture of fuming nitric acid (Sigma-
Aldrich, 6 mL 99.5%) and sulfuric acid (Fischer 
Scientific, 17.5 mL ≥ 95%) was prepared and cooled to 
-5 °C using a POLAR BEAR PLUS CRYSTAL 
(Cambridge Reactor Design). Toluene-d8 (4.5 mL; D 
99.5%) was added drop wise over a period of 1 h, 
ensuring that temperatures remained < 0 oC. The 
solution was stirred for a further 30 min at -5 °C. The 
reaction mixture was slowly raised to 70 °C (with a 
heating rate 1 °C/min) and held at this temperature for 
1 h. The sample was heated further to 90 °C for 45 min 
and then to 100 °C for 45 min. The mixture was 
subsequently cooled to ambient temperature and held 
in an ice bath (-10 °C) for 15 min. The product was 
extracted [20 mL chloroform-d1 (99.8 atom % D)] and 
neutralised with 5% NaHCO3 in D2O. Upon drying, 
TNT-d5 was obtained. The extent of deuteration and 
nitration was verified by 1H NMR. The resulting TNT 
powder was found to crystallize as the metastable 
orthorhombic form after rapid evaporation.  A pure 
sample of the thermodynamically stable monoclinic 
form was obtained by slurrying a mixture of the 
orthorhombic and monoclinic forms overnight in 
perdeuterated ethanol. The phase purity of both forms 
was confirmed by laboratory X-ray powder diffraction 
(XRPD) using Cu Kα radiation, and by Raman 
spectroscopy using a Jobin-Yvon LabRam 300 
spectrometer equipped with a 50 mW He-Ne laser of 
wavelength 632.8 nm. Both the XRPD and Raman 
spectroscopy measurements were performed by 
enclosing the powder in 0.5 mm diameter borosilicate 
glass capillaries.  
2.2. Neutron Powder Diffraction (NPD). 
High-pressure time-of-flight neutron-diffraction 
measurements were performed on the PEARL 
instrument28 at the ISIS Neutron and Muon Source, 
UK. Pressure was generated by means of a V3 variant 
Paris-Edinburgh (P-E) press29 with single-toroidal 
zirconia-toughened alumina (ZTA) anvils, up to a 
maximum pressure of ~5 GPa. A null-scattering TiZr 
gasket was used30 and hydrostatic pressure conditions 
were maintained by the inclusion of a mixture of 
perdeuterated pentane/iso-pentane as the pressure-
transmitting media (PTM).31 This was chosen in 
preference to perdeuterated ethanol/methanol on 
account of the appreciable solubility of TNT in 
ethanol/methanol. A small piece of lead foil was 
included in the sample volume to act as a pressure 
calibrant.32 Neutron-diffraction data were collected in 
approximately 2.5-tonne steps up to a maximum 
applied load of 57.5 tonnes. A beamline-developed 
correction for the wavelength and scattering-angle 
dependence of the neutron attenuation by the anvil 
(ZTA) and gasket materials was applied to the 
measured pattern. The data were normalised using 
MANTID33 and Rietveld refinement of the data was 
performed using the GSAS package.34 Rietveld 
refinement was carried out at each pressure point, 
refining the scale, lattice parameters and peak profiles 
against the experimental powder diffraction pattern. 
Constraints were imposed such that thermal vibration 
parameters are refined collectively for each atom type. 
The data were of sufficient quality to permit refinement 
of the atomic co-ordinates of the TNT molecules in 
both forms, provided the molecules were treated as 
rigid bodies. Principal axes (a unique set of orthogonal 
axes) upon compression were obtained using the 
program PASCAL .35 
2.3 Computational Details: 
Plane-wave Density Functional Theory (PW-DFT) 
calculations were performed using CASTEP36 v17.21, 
with input structures taken from the previously 
reported ambient pressures structures for each phase.19 
The structures were initially optimized without the 
application of an external applied stress; high-pressure 
structures were generated by subsequent optimization 
under an applied stress, incrementally increased by 0.5 
GPa. All calculations were performed using the DFT 
 functional of Perdew-Burke-Ernzerhof (PBE),37 with 
either Grimme's D238 or Tkatchenko-Scheffler (TS) 
dispersion correction39, PBE-D2 and PBE-TS, 
respectively. The PBE-D2 approach has been 
previously shown to perform well for similar nitro-
based EMs under hydrostatic compression.10 CASTEP 
‘on-the-fly’ pseudopotentials were used throughout, 
and the wave function was expanded in plane waves to 
a kinetic energy cut-off of 1000 eV. The electronic 
structure was sampled in reciprocal space using a 
Monkhorst-Pack (MP) grid,40 with spacing 0.035 Å-1. 
Optimisation was stopped when a total energy 
convergence < 10-8 eV, atomic displacement < 10-3 Å, 
forces < 10-2 eV/Å and stress < 10-2 GPa were achieved. 
While the DFT-D2 dispersion scheme was selected 
here on account of its prevalence in previous EM 
literature, we do note that newer developments have 
been made, namely as DFT-D3 and DFT-D4.41,42  
3. RESULTS AND DISCUSSION 
3.1 Overview of two polymorphs at ambient pressure: 
TNT has been recrystallized from a wide range of 
organic solvents, and the role of solvent in the 
production of both polymorphs has been studied 
extensively.43 In this work, metastable o-TNT was 
readily obtained by rapid evaporation from chloroform. 
Obtaining a pure sample of m-TNT proved 
challenging, as slow evaporation (over a couple of 
days) consistently produced a mixture of the two 
crystal forms from a range of organic solvents (Figure 
2a). A phase-pure sample of m-TNT was only obtained 
when a mixture of the two forms was slurried overnight 
in ethanol. This confirms the thermodynamic stability 
of m-TNT under ambient conditions. The extent of 
deuteration and nitration was verified by 1H NMR 
(Figure S1, ESI). Raman spectra (measured between 
100 – 2000 cm-1) of perdeuterated samples of both m-
TNT and o-TNT were found to be indistinguishable 
and are consistent with the previous Raman study on 
solid m-TNT sample (which were based on 
hydrogenated materials).44 . Figure 2b shows the 
Raman spectra of two samples and a selection of 
Raman band assignments: i. C-CD3 stretching (1194 
cm-1), ii. nitro symmetric stretching (1351-1373 cm-1); 
iii. nitro asymmetric stretching (1530-1545 cm-1), and 
iv. CC aromatic stretching (1603 cm-1); the respective 
assignments for hydrogenated m-TNT sample are 
1208, 1356, 1543, 1618 cm-1, respectively.44  
 
Figure 2 a) Photograph of mixture of the mixed crystal phases of TNT (perdeuterated), b) Raman spectra of both forms 
m-TNT and o-TNT (perdeuterated); c)-d) Rietveld refinements of the powder X-ray patterns (obtained using laboratory 
diffractometer using Cu K radiation) for both m-TNT and o-TNT samples (perdeuterated) at ambient pressure. 
 Table 1. Crystallographic data for both m- and o-TNT, along with data from two literature SXRD studies for comparison. 
Data obtained from DFT geometry optimization with the D2 and TS dispersion schemes are also shown as PBE-D2 and 
PBE-TS, respectively.  
Polymorph 
Lattice 
parameter 
This work Vrcelj et al 19 Golovina et al.20 
XRPDa 
(298 K) 
PBE-D2 
(0 K) 
PBE-TS 
(0 K) 
SXRD 
m-TNT [100 K] 
o-TNT [123 K] 
SXRD 
[295 K] 
m-TNT 
(P21/a) 
a (Å) 14.9978(5) 15.065 15.120 14.9113(1) 15.019(8) 
b (Å) 6.0831(1) 6.057 6.070 6.0340(1) 6.0932(5) 
c (Å) 21.2522(4) 20.848 21.270 20.8815(3) 21.41(2) 
β (˚) 110.133(2) 111.218 111.429 110.365(1) 111.00(2) 
V (Å3) 1820.42(6) 1773.310 1817.137 1761.37(4) 1829(2) 
Z 8 8 8 8 8 
o-TNT 
(Pca21) 
a (Å) 14.9921(9) 15.026 15.0784 14.910(2) 15.013(8) 
b (Å) 6.0763(4) 5.998 6.0430 6.0341(18) 6.0836(5) 
c (Å) 20.0320(7) 19.632 19.9604 19.680(4) 20.04(2) 
V (Å3) 1824.8(2) 1769.180 1818.77 1770.58(70) 1830(2) 
Z 8 8 8 8 8 
a Obtained from Rietveld refinement of laboratory PXRD of deuterated TNT (C7D5N3O6) at ambient temperature 
.
A recent computational study45 has calculated the 
terahertz vibrational spectrum for the two forms. This 
suggested that the two polymorphs do exhibit 
differences at low energies, below the limit of our 
Raman spectra. 
Rietveld refinements were performed using the XRPD 
data-sets for both m-TNT and o-TNT samples 
(perdeuterated) at ambient pressure, Figures 2(c)-(d). 
The crystallographic parameters of both polymorphs as 
obtained under ambient conditions from laboratory 
XRPD measurements are given in Table 1 and are in 
good agreement with literature reports.20 The values 
obtained from PBE-D2 and PBE-TS optimization of 
the unit cells are also tabulated for comparison. In all 
cases, the DFT geometry optimization simulations 
inherently neglect thermal contributions and hence 
correspond to 0 K structures. Methods are available 
which account for thermal expansion (via molecular 
dynamics or the quasi-harmonic approximation), and in 
some cases may play a decisive role in determining 
mechanical properties.46 However, these methods 
remain highly computationally demanding and are 
outside the scope of the present work. Neglecting 
thermal expansion is often not problematic for 
materials that exhibit minimal thermal expansion, 
literature reports suggest TNT expands considerably 
with temperature.19 For example, m-TNT has a unit-
cell volume of 1761.37(4) Å3 at 100 K, increasing by 
ca. 3% to 1820.42(6)Å3 at 298 K. It is therefore not 
surprising to find that the PBE-D2 calculations also 
underestimate the ambient temperature unit cell 
volume by ca 3%. It is worth noting that this 
underestimation is predominantly the result of 
underestimating the crystallographic c-axis length. 
This axis is in the direction of the largest  
 Table 2. Torsion angles of the three -NO2 groups (τ1, τ2 and τ3 in deg) in molecules A & B, according to literature 
SXRD studies and DFT calculations (this study) at 0 and 5 GPa, with varying dispersion correction scheme 
 
  
Golovina et 
al  [0 GPa]20 
Vrcelj et al 
[0 GPa]19 
PBE-D2 
(0 GPa) 
PBE-TS 
(0 GPa) 
PBE-D2 
(5 GPa) 
PBE-TS 
(5 GPa) 
m-TNT 
A 
τ1 46 44 43 44 42 43 
τ2 22 23 24 23 24 22 
τ3 50 52 49 49 55 52 
B 
τ1 41 38 38 38 37 36 
τ2 32 35 34 35 37 38 
τ3 60 59 57 60 60 59 
o-TNT 
A 
τ1 47 49 43 44 41 41 
τ2 22 28 25 23 23 22 
τ3 54 58 52 52 56 55 
B 
τ1 41 39 38 38 37 36 
τ2 33 33 34 35 37 38 
τ3 56 59 58 60 59 59 
proportion of void space and is therefore most 
responsive to temperature effects (See Table 1). The TS 
dispersion correction yields an improved reproduction 
of the room temperature structural parameters, which 
suggests that the TS correction scheme is 
overestimating the effects of dispersion for this crystal 
structure. The same is observed for o-TNT (Table 1).  
Our PBE-TS calculated lattice constants are in 
excellent agreement with a previous study.45 
The torsion angles for the -NO2 groups of the A and B 
molecules in both polymorphic forms (as obtained 
from the PBE-D2 and PBE-TS) are tabulated in Table 
2 and compared with previous studies. The -
NO2rotational barriers for an isolated molecule of TNT 
have been previously reported.44 In the lowest energy 
gas phase structure, the ortho-NO2 groups adopt values 
of 𝜏= 35o, with the rotational barrier to 𝜏=90o of ca 10.5 
KJ/mol. According to published potential energy 
surfaces, the torsional angles observed for ortho-NO2 
groups in the solid state correspond to < 1 KJ/mol 
above the lowest energy conformation, and must be 
compensated by additional weak contacts within the 
lattice. Hence, any large changes upon compression 
must be compensated in energy by increase in other 
intermolecular contacts. The torsion angles calculated 
for the solid state structure at ambient pressure match 
well with the data obtained previously by both Vrcelj 
et al.19 and  Golovina et al.20 Overall, it is found that 
τ3>τ1>τ2 is observed, with τ3(B)>τ3(A), τ2(B)>τ2(A) 
and τ1(B)<τ1(A), Figure 1. Hence, our solid-state DFT 
calculations support the previous experimental 
observations and confirm that the A and B 
conformations are slightly, albeit distinctly different. It 
can therefore be said that the PBE-D2 (and PBE-TS) 
calculations provide a good description of the 
molecular geometry. The torsion angles calculated at 5 
GPa (see below) change only slightly as compared with 
the 0 GPa structure, Table 2. This is suggested to result 
from a lack in formation of strong intermolecular 
contacts upon compression in order to compensate for 
rotation of -NO2 groups. It therefore follows that the 
Rietveld refinements for the elevated pressure 
diffraction data can be simplified by treating the TNT 
molecules (A and B) as rigid bodies 
 Figure 3 A representative Neutron diffraction pattern and 
Rietveld refinement fit of m-TNT at 0.06 GPa, 
experimental (obs) data are shown as red dots, the solid 
black and green line show the calculated profile from 
Rietveld refinement and background fit, respectively, and 
the bottom blue trace shows the residual intensity (I), 
I(obs)-I(calc). The simulated Bragg reflections for each 
phase are given as vertical lines; from top to bottom, m-
TNT, Pb, Al2O3 and ZrO2. 
3.2 Hydrostatic Compression of monoclinic TNT  
Neutron powder diffraction (NPD) patterns were 
collected for a sample of perdeuterated m-TNT across 
a pressure range 0.06(1) GPa → 5.25(2) GPa, ESI 
Figure S2.1. Rietveld refinement of the NPD pattern 
collected immediately after loading (at a load of 6 
tonnes) confirmed that the sample did not react with 
moisture or air prior to loading, and also did not react 
with the pressure-transmitting medium, Figure 3. The 
additional reflections observed in the NPD patterns 
correspond to Pb (the pressure calibrant), Al2O3 (the 
gasket material), and ZrO2 (the anvil material). 
Rietveld refinements were performed on diffraction  
patterns at each pressure point (ESI Figure S2.2). This 
allowed us to monitor the unit cell parameters and 
atomic positions with pressure, ESI Section S2 and S3. 
Upon compression the unit-cell volume decreased 
significantly under low pressures, compressing by 
7.7% at 1 GPa and by 12.1% at 2 GPa. This 
corresponds to over half of the total compression of the 
unit cell, which decreases in volume by 19.8% at 5.25 
GPa. The compression is highly anisotropic, Figure 4a; 
the crystallographic c-axis is significantly more 
compressible than the a- and b axes (over the range 0 
→ 5.2 GPa, 𝑉/𝑉0 = 0.802, 𝑎/𝑎0 = 0.948, 𝑏/𝑏0 =
0.937, and 𝑐/𝑐0 = 0.909). This can be rationalized by 
noting that the c-axis lies perpendicular to the ABBA 
plane of molecules, and hence to the direction that 
contains the greatest void space. This anisotropic 
compressibility (Figure 4b) is consistent with previous 
reports from non-hydrostatic compression 
experiments.13 In our current study, all three lattice 
parameters decrease continuously and show a smooth 
trend, Figure 4a. This indicates that no first order phase 
transitions take place between 0 and 5.25 GPa under 
hydrostatic conditions and differs from earlier reports 
of discontinuities in non-hydrostatic conditions, Figure 
4(b). The compressibility of the corresponding 
principal axes (a unique set of orthogonal axes) with 
their direction of compression are shown in ESI Figure 
S5.  
The compressibility of m-TNT was subsequently 
investigated by DFT methods and compared with NPD 
data, Figure 4c. Despite underestimating the ambient 
pressure structure by ca 3% (See Table 1), the 
compressibility of the unit cell obtained by PBE-D2 
agrees well with experiment. The overall 
compressibility over the range 0 → 5 GPa shows 
𝑉/𝑉0 = 0.823, with 𝑎/𝑎0 = 0.951, 𝑏/𝑏0 = 0.935 and 
𝑐/𝑐0 = 0.931. The total compressibility differs from 
the experimental values by only 3%, which appears to 
be again mainly due to underestimating the 
crystallographic c-axis. Compressibility along the c-
axis is slightly different between the PBE-D2 and NPD 
data, and this can be attributed to the fact that the 
directions of the principal axes compressions are not 
directly along the c-axis, and vary slightly between 
PBE-D2 and NPD (ESI, Figure S5). The pressure 
variation in the unit cell 𝛽-angle is well reproduced by 
the PBE-D2 method, albeit consistently overestimated 
by ca 1˚. Nevertheless, differences in the 
experimentally determined angles are never more than 
~1.5%.  
While the PBE-TS method models the ambient 
pressure unit cell better than the PBE-D2 method (see 
Table 1), it performs only slightly better at predicting 
the compressibility of m-TNT. The overall PBE-TS 
compressibility from 0 → 5 GPa yields 𝑉/𝑉0 = 0.818, 
with 𝑎/𝑎0 = 0.951, 𝑏/𝑏0 = 0.931, and 𝑐/𝑐0 = 0.927, 
i.e. nearly identical compressibility as compared to the 
PBE-D2 data. The pressure variation in the unit-cell β-
angle is also consistent with the values obtained from 
PBE-D2.  
To determine which DFT dispersion correction scheme 
provides the best agreement of high pressure structures, 
we considered the DFT and experimental unit cells at 
the highest pressure points obtained. As pressure 
increased, the experimental and PBE-D2 unit cell 
parameters converged, (ESI Figure S4), with 𝑉𝑐𝑎𝑙𝑐/
𝑉𝑒𝑥𝑝 = 0.994 at 5 GPa. The PBE-TS method 
consistently overestimates the unit cell at high 
pressure, with 𝑉𝑐𝑎𝑙𝑐/𝑉𝑒𝑥𝑝 = 1.011 at 5 GPa. This 
suggests that when temperature effects are negligible 
(e.g. at high pressure), the PBE-D2 method 
outperforms PBE-TS. The success of PBE-D2 has also 
been noted in RDX47 and FOX-7.10 
The unit cell undergoes ca 20% compression between 
0-5 GPa. It is therefore of interest to consider the effect 
this change has on the intermolecular packing. 
Following on from the success of PBE-D2 at 
reproducing the high-pressure response of m-TNT, we. 
  
Figure 4 a) Relative unit cell compression (%) of m-TNT (perdeuterated) from current NPD study under hydrostatic condition, 
b) Relative unit cell compression (%) of m-TNT (hydrogenated) by Stevens et al.[Ref 22] , note the discontinuity at around 3 
Gpa (marked by an arrow) is not observed at our current NPD data.; c) Lattice parameters of m-TNT as a function of 
hydrostatic pressure. Solid circles: NPD (current work), open circles: PBE-D2; open triangles: PBE-TS 
 
Figure 5 The effect of pressure on intermolecular contacts in m-TNT. a) Definition of selected intermolecular contacts between 
N…𝜋-centroids.; b) Variation of intermolecular contacts as a function of pressure. 
used this dataset to consider variations in the 
intermolecular distances upon compression, Figure 5. 
In both the A and B molecules, only two of the nitro 
groups participate in π….NO2 interactions (N1 and N2 
in Figures 1 and 5(a)). Interestingly, N3 (i.e that with 
the largest value of τ) does not participate in any of 
these interactions, leading to four unique 𝜋…NO2 
interactions within the unit cell, A1, A2, B1, and B2 as 
indicated in Figure 5(a). As the pressure increased, the 
values of all four distances decrease smoothly, and by 
approximately the same amount.  
3.3 Hydrostatic Compression of orthorhombic TNT 
This work presents the first experimental compression 
study of the metastable polymorph, o-TNT. The NPD 
patterns were collected from a sample of perdeuterated 
o-TNT from 0→5.1 GPa, with results of the unit cell 
parameters determined from Rietveld refinements 
 presented in Figure 6. The diffraction pattern obtained 
at each pressure point was refined using the same 
protocol as for m-TNT, as outlined in Section 2. All 
data sets were successfully refined as the o-TNT 
structure, ESI Figure S2.3. Upon compression, the 
experimental lattice parameters decreased smoothly, 
again suggesting that no first order phase transition 
occurs across this pressure range, Figure 6. The relative 
compressibility of the unit cell parameters are nearly 
identical to those found for m-TNT. The 
crystallographic c-axis is significantly more 
compressible than the a- and b-axes (over the range 0 
→ 5.1 GPa, V/V0 = 0.801, a/a0 = 0.948, b/b0 =
0.937, and c/c0 = 0.903). Direction of principal axes 
are along the crystallographic axes for o-TNT. 
As with m-TNT, PBE-D2 underestimates the ambient 
pressure structure by ca. 4% (See Table 1). The 
compressibility of the unit cell axes from 0→5.0 GPa 
obtained by PBE-D2, however, agree well with 
experimental values: 𝑉/𝑉0 = 0.825, with 𝑎/𝑎0 =
0.953,  𝑏/𝑏0 = 0.944 , and 𝑐/𝑐0 = 0.917. The 
crystallographic c-axis is again consistently 
underestimated at lower pressures, gradually 
converging to experimental values at higher pressures, 
Figure 6. At 5 GPa, the PBE-D2 volume is less than 
0.6% lower than the experimental volume, and is 
therefore within experimental error. The PBE-TS 
method again performs better at ambient pressure as 
compared with PBE-D2. Despite this improvement at 
low pressure, the compressibility is again predicted to 
be nearly identical to that as obtained by PBE-D2: 
V/V0=0.817., with a\/a_0=0.953, b\/=0.930, and 
c\/c_o=0.921. Importantly, the unit cell volume 
obtained by PBE-TS at high pressure is in poorer 
agreement with experiment than the PBE-D2 method, 
with V_calc \/V_exp=0.995 for PBE-D2 and V_calc 
\/V_exp=1.012 for PBE-TS at 5 GPa. Thus again it is 
found that PBE-D2 offers an overall better description 
of the high pressure behavior of TNT. 
As with m-TNT, the unit cell compressed by ca 20% 
between 0 and 5 GPa. Hence, marked changes can be 
expected in the intermolecular packing. With PBE-D2 
again performing well against experimental lattice 
compression, we use these data to monitor changes in 
 
 
Figure 6 Relative unit cell compression (%) of o-TNT, b) Lattice parameters of o-TNT as a function of hydrostatic pressure. 
Solid circles: NPD (current work), open circles: PBE-D2; open triangles: PBE-TS.. 
 
Figure 7 The effect of pressure on intermolecular contacts in o-TNT. a) Definition of selected intermolecular contacts between 
N…π-centroids.; b) Variation of intermolecular contacts as a function of pressure.
 the intermolecular contacts of o-TNT with pressure, 
Figure 7. The same general trends are observed as for 
m-TNT; all of the intermolecular contacts shorten 
smoothly with pressure. 
The high-pressure NPD study under hydrostatic 
conditions shows that both TNT polymorphs exhibit 
nearly identical compressibility. This can be 
rationalized by the similarity of the two structures, 
supporting the fact that the difference between these 
two forms is purely orientational in nature. For both 
forms, compression is dominated by a reduction in the 
interplanar spacing between layers of A and B 
molecules, corresponding to compression of the 
crystallographic c-axis.  
3.4 The Equation of State for TNT Polymorphs 
The equation of state (EoS) of EMs can be related to 
their detonation properties and have been suggested to 
offer insights into their response to impact.48 
Understanding the EoS is therefore an important factor 
for rationalizing their reactivity. Previous reports have 
suggested that computational approaches may be 
capable of providing accurate EoS,47 and we explore 
this further here. The experimentally determined 
pressure-volume (P-V) curves for m-TNT and o-TNT 
are given in Figure 8. For each material, a smooth, 
monotonic decrease in volume is observed as a function 
of pressure, consistent with the trends observed in 
Figures 4 and 6. The variation in the experimental and 
calculated unit cell volumes as a function of pressure 
were fit to three semi-empirical EoS equations: third-
order Birch–Murnaghan, fourth-order Birch-
Murnaghan and the Vinet EOS. These equations relate 
the pressure, P, at a given volume, V, to the ambient 
pressure volume, Vo, the bulk modulus, B0, and the 
derivative of the bulk modulus, B′. We note that the 
value of V0 was not refined during EoS fitting, as this 
led to unreasonable results, particularly for o-TNT, ESI 
Table S6. 
Visually, each of the three EoS forms appear to fit the 
P–V isotherms equally well; weighted chi2 values can 
be found in ESI, Table S7. However, the three 
functions yield different bulk moduli (B0) and its 
derivative (B′), Table 3. We noticed that using BM-4th 
order EOS on our data shows large uncertainties, and 
its use in the current study is not justified given the 
density of data points in the pressure range studied. Plot 
confidence ellipses indicate that the Vinet EoS 
provides B0 and B′ with the lowest uncertainties, and it 
is this EoS we show in Figure 8. The experimental B0 
values arising from the Vinet EOS fit, are respectively 
8.93(7) and 7.91(21) for m- and o-TNT, with B′ values 
of 9.24(10) and 10.29(31). Values of B′ > B0 indicates 
that the unit cell volumes decrease more rapidly at 
lower pressures and the material becomes stiffer with 
increasing pressure, as observed in Section 3.2. 
Experimental B0 value for m-TNT is in excellent 
agreement with one of the previously reported studies 
(B0 = 8.52 GPa, obtained by a Murnaghan fit to P-V/V0 
data under quasi-hydrostatic conditions up to 20 GPa. 
 
 
Figure 8 Unit cell volumes as a function of pressure for a) m-TNT and b) o-TNT; solid red circles: current NPD data, PBE-
D2 and PBE-TS are shown with small open magenta circles and grey circles; both the NPD and DFT data are fitted with 
Vinet equation of state;; solid blue circles represent data from Stevens et al [ref 22] 
 
 
 
 Table 3: Comparison of bulk moduli (B0) and its pressure-derivative (B′) determined from the EOS analyses of TNT. 
Approximate errors are shown for our work, and the experimental pressure and volume errors are also used to estimate 
the standard errors for calculated values. All values of Bo are given in GPa, and Vo are given in Å
3 
m-TNT 
 
Experiment (NPD) Computation (PBE-D2) Computation (PBE-TS) 
V0 = 1820.42 Å (not refined) V0 = 1773.31 Å (not refined) V0 = 1817.14 Å (not refined) 
B0 (GPa) B′ B0 (GPa) B′ B0 (GPa) B′ 
Birch−Murnaghan 
3rd order 
8.53(12) 10.71(24) 10.87(11) 9.85(19) 12.1(3) 7.4(4) 
Birch−Murnaghan 
4th order 
9.61(26) 7.1(7) 10.4(3) 11(1) 12.1(9) 7(2) 
Vinet 8.93(7) 9.24(10) 11.18(11) 8.86(13) 12.1(3) 7.3(3) 
o-TNT 
 
Experiment (NPD) Computation (PBE-D2) Computation (PBE-TS) 
V0 = 1824.8 Å (not refined) V0 = 1769.18 Å (not refined) V0 = 1818.77 Å (not refined) 
B0 (GPa) B′ B0 (GPa) B′ B0 (GPa) B′ 
Birch−Murnaghan 
3rd order 
7.3(3) 13.2(9) 11.4(3) 9.5(5) 12.0(3) 7.5(4) 
Birch−Murnaghan 
4th order 
9(1) 7(3) 11(1) 11(3) 12.0(8) 7(2) 
Vinet 7.91(21) 10.3(3) 11.7(3) 8.6(3) 12.1(3) 7.3(3) 
 
with V0 = 1828.8 Å
3).12 In a more recent compression 
study using both hydrostatic and non-hydrostatic 
compression, a variety of B0 values were reported, with 
values ranging from 7.3 to 12.8 GPa depending on the 
hydrostatic condition and the fitting form applied.13  
The determined B0 and B′ obtained from fitting the unit 
cell volume obtained from the PBE-D2 and PBE-TS 
simulations are approximately similar to each other 
(Table 3). However, the determined values are higher 
than the experimentally derived values. The DFT 
calculations thus underestimate the compressibility of 
both TNT polymorphs. This is primarily a result of the 
initial underestimation of the unit-cell volume at 
ambient pressure in PBE-D, and the overestimation of 
the high-pressure volume in PBE-TS. The relative 
compressibility of the two polymorphs is also 
incorrectly predicted by DFT, with 𝑉𝑚𝑇𝑁𝑇/𝑉𝑜𝑇𝑁𝑇 of 
1.13, 0.96 and 1.00 for NPD, DFT-D, and DFT-TS, 
respectively. We do however note that the discrepancy 
is small, and are negligible in terms of rationalizing the 
physical properties of the phases 
It is undoubtedly important to conduct compression 
studies to the highest pressures practically attainable, 
since these compounds may experience very high 
pressures during detonation. However, our results 
confirm that, in order to obtain more precise 
determinations of the bulk modulus (B0), it is also 
essential to obtain more high-quality diffraction data 
points at low pressures (< 1 GPa) under hydrostatic 
condition.  
To summarize the discussion on TNT bulk moduli, o-
TNT is found experimentally to be less compressible 
than m-TNT (𝐵0(𝑜𝑇𝑁𝑇)/𝐵0(𝑚𝑇𝑁𝑇) =0.9. The 
standard deviations obtained from all the fitting EOSs 
are much lower than previous studies; the variation of 
bulk moduli are also within 1 GPa between the three 
fitting EOSs used. Unfortunately, despite DFT 
 methods proving capable of accurate prediction of the 
bulk moduli of other nitro-based EMs,10 the DFT-D 
derived values of 𝐵𝑜 and B′ were overestimated for 
TNT. We suggest this to be primarily due to the large 
thermal expansion of TNT, as compared to other 
materials, such as the hydrogen-bonded material FOX-
7, for which bulk moduli was more closely reproduced 
(i.e. within 1 GPa; ca 5%) by DFT-D.10 
CONCLUSIONS 
This work reports the effects of hydrostatic 
compression on the crystal structure of two known 
polymorphs of TNT, from neutron powder diffraction 
data, and represents the first example of a high pressure 
study for o-TNT. The compression trend observed was 
in excellent agreement with the hydrostatic 
compression trend predicted by the PBE-D2 method. 
The pressure−volume curve can be fitted to a 
Birch−Murnaghan equation of state (both 3rd order and 
4th order) and also a Vinet equation of state, with the 
latter providing the lowest standard deviations. The 
bulk moduli obtained are 8.93(7) and 7.91(21) GPa for 
monoclinic and orthorhombic forms of TNT, 
respectively. PBE-D2 overestimates the bulk modulus 
of both the forms due to underestimating the volume at 
ambient pressure at 0 K. The neutron powder 
diffraction study failed to find any evidence for a phase 
transition at ∼2-4 GPa previously suspected from angle 
dispersive X-ray diffraction22 and vibrational 
spectroscopy measurements.23 Although we cannot 
discount the potential effects of sample deuteration, we 
believe that the  discrepancy arises due to the non-
hydrostatic compression conditions applied in the 
previous studies. The structural data presented herein 
are illustrative of a significant advance in the structural 
characterization of this molecular materials under 
extreme conditions. The level of complexity of the 
TNT molecule extends the limits to which high-
pressure techniques may be applied, and these results 
will be of importance not only to the energetics 
community but also to solid-state chemists and 
physicists wishing to model the behavior of this 
important class of nitro-aromatic energetic material.  
ASSOCIATED CONTENT  
Figure S1 displays 1H-NMR spectrum of deuterated TNT; 
Figure S2.1 displays Sequence of NPD patterns obtained 
for both perdeuterated m-TNT and o-TNT upon increasing 
pressure; Figure S2.2 & Figure S2.3 display Rietveld 
refinements of the NPD patterns obtained at elevated 
pressures for m-TNT and o-TNT, respectively; Table S3.1 
– S3.4 show variation of unit cell parameters of both m-
TNT and o_TNT with pressure,. Figure S4 shows 
comparison of unit cell volumes as obtained from 
experiment and calculations at 5 GPa; Figure S5 displays 
comparison of compression of principle axes of m-TNT; 
Table S6 provides experimental bulk modulus when V0 
refined Table S7 provides Weighted chi2 values of the 
EoS fits of NPD data. This material is available free of 
charge via the Internet at http://pubs.acs.org.  
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